Objective: We perform a comprehensive heritability study on multiple phenotypes related to metabolic syndrome using Chinese twins to assess the genetic and environmental effects in determining the variation and covariation of the phenotypes in the Chinese population. Methods: The studied sample contains 654 twins collected in the Qingdao municipality. A total of 10 phenotypes covering anthropometric measurements, plasma glucose levels, lipids, blood pressures etc. were examined. Univariate and bivariate structural equation models were fitted for assessing the genetic and environmental contributions. Results: The AE model combining additive genetic (A) and unique environmental (E) factors produced the best fit for all phenotypes except for triglyceride. Modest to high heritability estimates were obtained in univariate analysis ranging from 0.5 for total cholesterol to 0.78 for weight. The bivariate model estimated high genetic correlations between systolic and diastolic blood pressures, between total cholesterol and low density lipoprotein cholesterol, modest genetic correlations between BMI and blood pressures. No significant common environmental correlation was found between any pair of the phenotypes. Conclusions: Our results showed significant genetic contributions to the sub-phenotypes of metabolic syndrome. Although pleiotropic genetic control may exist for some physiologically similar phenotypes, our results do not support a common genetic mechanism among the phenotypes covered in our study.
Introduction
As one of the world's fastest developing economies, China is experiencing dramatic transformations in many social and economic conditions that are to alter the disease pattern in its population [1] due to changing lifestyle and dietary structure which are undergoing steady westernization. Although prevalence of overweight and obesity in China is relatively low (15%) as compared with countries such as the USA, the country is experiencing an alarmingly rapid increase in the prevalence of obesity and related problems in the past decade. Without a proper intervention, the epidemic of metabolic disorders is to become a crucial public health issue in China [2] .
As the sub-phenotypes of metabolic syndrome are more proximate to direct genetic control than the composite phenotype itself, genetic studies focusing on the sub-phenotypes should exhibit more power in helping understanding the etiology and development of the disorder. A number of studies have been published using twin and family data on multiple *These authors contributed equally to this work.
Duan/Pang/Zhang/Li/Kruse/Kyvik/ Christensen/Tan metabolic phenotypes (glucose tolerance, BMI, waist-to-hip ratio (WHR), fasting plasma glucose (FPG), plasma glucose 120 min post oral glucose tolerance test (2hPG), systolic blood pressure (SBP), diastolic blood pressure (DBP), high-density lipoprotein cholesterol (HDL-C), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C) and total cholesterol (TC) etc.) in developed countries and mainly in Caucasians. Findings from these studies uniformly point to the genetic contributions in these phenotypes [3] [4] [5] [6] [7] [8] [9] [10] [11] . Although there have been sporadic studies in Chinese subjects on limited phenotypes [12, 13] , it is unfortunate that a comprehensive heritability study with a broad coverage of phenotypes related to metabolic syndrome has been missing for the world largest Chinese population. It is well known that ethnic disparities in the pathophysiology and pathogenesis of metabolic diseases [14] can have an important impact in prevention and management [15] given the complex nature in disease development which involves both genetic and environmental factors (e.g. different food structure and lifestyles, lower baseline BMI in Chinese). Actually, previous studies have shown high prevalence of diabetes in Chinese living in Hong Kong [16, 17] , Singapore [18] and Taiwan [19] . This article reports the results from our Chinese twin-based heritability study on multiple phenotypes associated with metabolic syndrome, including body measurements, blood pressure, glucose and lipid phenotypes, using both univariate and bivariate twin models.
Material and Methods

Subjects
Our twin sampling was based on the Qingdao Twin Registry [20] established in 2001 at the Qingdao Center for Disease Control and Prevention (CDC). Twins have been identified through a local disease control network, neighborhood/village committees and residence registry. Twins were invited to a clinical investigation if both co-twins were alive at the time of the study. Those who were pregnant, breastfeeding, had known diabetes and/or cardiovascular disease or were taking weight-reducing medicaments within 1 month were excluded after telephone interviews. A twin pair was also dropped if one of the co-twins declined participation. After informed consent, a total of 327 pairs of twins over 18 years of age (mean age 40 years) were collected in 5 districts in the Qingdao municipality (106 pairs of male like-sex twins, 157 pairs of female like-sex twins, 64 pairs of opposite-sex twins). The study was approved by the regional ethics committee and conducted according to the principles of the Helsinki Declaration.
Methods
Zygosity of all like-sex twin pairs was determined by 16 multiple short tandem repeats [21] at the central laboratory in the Qingdao Bloodbank.
All surveys including questionnaire, blood sample collection and anthropometric and laboratory measurements were done in Qingdao CDC. Weight and height were measured with the subject in lightweight clothes and their shoes removed. Weight was measured using a standing beam scale to the nearest 0.1 kg, and height was measured using a vertical scale with a horizontal moving headboard to the nearest 0.1 cm. BMI was calculated as weight (kg) divided by square of height (m). Circumferences were measured in the standing position. Waist circumference (cm) was measured using a soft tape midway between the lowest rib and iliac crest to the nearest centimeter. Hip circumference was measured over the widest part of the gluteal region to the nearest centimeter. BP was taken by a standard procedure using mercurial table stand model sphygmomanometer. SBP was defined as Korotkof phase I (appearance of sound), and DBP was defined as Korotkof phase V (disappearance of sound). Three measurements were taken for each subject, with at least 1 min between each measurement. The mean of these three measurements was used in subsequent analyses. [5] Co-twins were examined on the same day after a 10-12 h overnight fast. Serum and plasma were separated from blood cells in the field within 30 min and kept frozen at −80 °C. TC, TG, HDL-C and LDL-C phenotypes were measured on the semi-automatic analyzer. A WHO standard OGTT was carried out in the subjects who participated in 2008 (135 pairs, 65 MZ pairs, 70 DZ pairs). Peripheral blood was taken before oral glucose ingestion and 120 min later. If one or both twins in a pair had a FPG concentration over 6.7 mmol/l or a 120-min blood glucose concentration higher than 11.1 mmol/l, the twin pair was excluded to avoid residual confounding by undiagnosed diseases. Plasma glucose concentrations were analyzed by the glucose dehydrogenase oxidation method.
Descriptive Analysis
Data was entered and cleaned by Epidata 3.0 software (www.epidata.dk), analyzed using SPSS version 13.0 for Windows (SPSS, Chicago, IL, USA) for descriptive statistics and for calculating intraclass correlation coefficients (ICC) after adjusting for age and sex. All continuous phenotypes except SBP and DBP were log transformed to ensure approximation to normal distribution. Significance test on statistical differences between (monozygotic) MZ and dizygotic (DZ) twin correlation was performed first by transforming a correlation coefficient (r) using r' = (0.5)log e ⎜ 1 + r ⎜
(1) 1 -r and then computing the test statistic as z = r' mz -r' dz
where r' mz and r' dz are the transformed coefficients, and n mz and n dz , the number of pairs for MZ and DZ twins. P values were obtained by referring the test statistic z to a standard normal distribution with one degree of freedom.
Univariate Genetic Analyses
Fig. 1.
Diagram showing the bivariate genetic model for trait1 and trait2. r G , r C and r E stand for genetic, common, and unique environmental correlations; A, C and E are variances due to genetic, common environmental, and unique environmental effects. Table 2 . Intra-pair correlations after adjustment for age and sex Table 3 .
Best fitting models for all phenotypes Phenotype Model-fitting and comparison were performed using the free software package Mx [22] (www.vcu.edu/mx). Since our DZ correlation is more than one half the MZ correlation for all phenotypes, an ACE model was preferred with A representing the additive genetic effects, C the shared and E the non-shared environmental effects. Comparisons on performances between the full ACE model and its nested models (AE, CE, E) were done using the likelihood ratio test. The likelihood ratio test calculates twice the difference in the log likelihoods for the full and the nested models which can be approximated by a chi-squared distribution with degree of freedom equaling the difference in the number of parameters in the two models. When no statistical significance is observed between two models, the parsimonious one is preferred. Comparison between AE and CE models was made using the Akaike Information Criterion (AIC). All models were fitted by adjusting for age and sex.
Bivariate Genetic Models
We use the bivariate Cholesky decomposition [23] model to assess the common genetic and environmental effects on phenotypic correlation among the intermediate phenotypes ( fig. 1) . The bivariate ACE model partitions the variation in liability for each of the variables into additive genetic, shared environmental and non-shared environmental components. Likewise, the covariance between two variables is also partitioned into that due to additive genetic, shared environmental and non-shared environmental parts. We report parameter estimates for all combinations of phenotype pairs that can be modeled together with their corresponding 95% confidence intervals (95% CI).
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Results
The medium and 95% ranges for various phenotypes are shown in Univariate Genetic Analyses Table 3 shows the besting fitting models for all intermediate phenotypes. The AE model was selected as the best model for all phenotypes except for TG which has the CE model as the best. In all AE models, moderate to high heritability were estimated. Heritability ranged from 0.50 to 0.78 with the highest of 0.78 for weight (95% CI 0.75-0.78), and the lowest of 0.50 for TC (95% CI 0.38-0.60) (table 3) .
Bivariate Genetic Models
Because BMI, WHR and weight are all obesity-related anthropometric traits, BMI was chosen as a representative to reduce the number of combinations. We also dropped TG in the bivariate modeling due to no genetic influence. This resulted in a total of 7 phenotypes (BMI, FPG, TC, HDL-C, LDL-C, SBP and DBP) to include in the bivariate analysis. Table 4 
Discussion
In the present study, we have assessed the heritability of 11 intermediate phenotypes covering glucose concentration, obesity, blood fat and blood pressure in Chinese twins. Ten phenotypes (WHR, BMI, weight, FPG, 2hPG, HDL-C LDL-C, TC, SBP and DBP) displayed significant moderate to high additive genetic determinations and unique environmental effects. Obesity, and in particular abdominal obesity, is a known risk factor for the development of type 2 diabetes. The heritability estimates for absolute weight, WHR and BMI indicated a major genetic component in the development of obesity. The high heritability of BMI and absolute weight found in this study is in accordance with previous studies [4, 6-7, 11, 24-25] . Our heritability estimate for WHR is close to that of previous reports in Belgian [6] and Finnish twins [24] , but higher than that reported in Danish twins [11, 25] . The ob-genetic correlation between BMI and both systolic and diastolic blood pressures in Chinese which is consistent with the results obtained by Choh et al. [27] in American Samoan families. Significant phenotype correlation between BMI and blood pressure has been reported by multiple studies across populations [28] . The detection of significant genetic contribution to the phenotype correlation between BMI and blood pressure suggests the existence of pleiotropic genetic mechanisms behind the two phenotypes and across populations.
The current study is limited to univariate and bivariate analyses. As the sub-phenotypes are all related to obesity or metabolic syndrome, it would be interesting to apply multivariate analysis on selected variables to examine if functional clusters of phenotypes also share genetic mechanisms within functional/biological pathways. Furthermore, our samples in this study were collected in north China where composition of food and geographical environment are different from those in the southern part of the country. Given the importance of the environmental effect on metabolic phenotypes, similar twin-based studies conducted in south China should help to reveal the interplay between genetics and environment as a result of environmental adaptation for the same ethnic population. 
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served difference in heritability estimates could indicate a higher genetic dissection on WHR in the Chinese population as compared with Danes.
Our study estimated higher genetic effects in the total variation of FPG (71%) and 2hPG (56%) compared with those reported by other studies [3, [6] [7] [9] [10] [11] . These estimates could reflect a stronger genetic component in glucose metabolism in the Chinese population. In contrast to other studies [4, 25] reporting a lower heritability of FPG when compared to 2hPG, our heritability estimate for FPG is higher than that for 2hPG. Whether the difference reflects an ethnic disparity requires further replication studies.
With regard to serum lipids, variations on TC, HDL-C and LDL-C were primarily explained by additive genetic factors, accounting for 50, 58 and 60% of their total variances, with residual variances explained by unique environmental factors. In contrast to some previous studies [6] [7] 9 -11], we found no genetic effect for TG. However, our result is in agreement with two other twin studies conducted in China. Chen et al. [8] and Ren et al. [5] used twin correlation coefficients to estimate heritability of serum lipid for Chinese young and adult twins, and both reported no statistical significance for the TG phenotype in their Chinese samples. The consistent results on TG in Chinese studies could mean that there could be an ethnic difference in the genetics of TG phenotype.
By applying a multivariate model to the Danish twin data, Benyamin et al. [26] recently found that, in general, there are no common genetic and familial environmental factors behind the endophenotypes of metabolic syndrome. Our parameter estimates from the bivariate model (table 4) only showed significant genetic correlation between SBP and DBP, TC and LDL-C, and BMI and blood pressure, with the first two indicating pleiotropic genetic control over physiologically similar phenotypes. Of special interest is our discovery of significant
